Most non-small-cell lung cancers (NSCLCs) harboring activating mutations in the epidermal growth factor receptor (EGFR) are initially responsive to EGFR tyrosine kinase inhibitors (EGFR-TKIs); however, they invariably develop resistance to these drugs. E7820 is an angiogenesis inhibitor that decreases integrin-a2 expression and is currently undergoing clinical trials. We investigated whether E7820 in combination with erlotinib, an EGFR-TKI, could overcome EGFR-TKI-resistance in the NSCLC cell lines A549 (KRAS; G12S), H1975 (EGFR; L858R ⁄ T790M), and H1650 (PTEN; loss, EGFR; exon 19 deletion), which are resistant to erlotinib. Immunohistochemical analysis was carried out in xenografted tumors to investigate anti-angiogenesis activity and endothelial cell apoptosis levels by endothelial cell marker CD31 and TUNEL staining, respectively. Treatment with E7820 (50 mg ⁄ kg) with erlotinib (60 mg ⁄ kg) showed a synergistic antitumor effect in three xenograft models. Immunohistochemical analysis indicated that combined treatment with E7820 and erlotinib significantly decreased microvessel density and increased apoptosis of tumor-associated endothelial cells compared with use of only one of the agents. This combination increased apoptosis in HUVECs through activation of both intrinsic and extrinsic apoptosis pathways in vitro. The combination of E7820 with erlotinib is an alternative strategy to overcome erlotinib resistance in NSCLC by enhancement of the anti-angiogenic activity of E7820. N on-small-cell lung cancer (NSCLC) is the leading cause of cancer death both in the USA and Japan. (1, 2) The disease has served as a model for genotype-directed targeted cancer therapy. Patients with NSCLC harboring activating somatic mutations in the kinase domain of epidermal growth factor receptor (EGFR) often initially respond to treatment with EGFR-targeted tyrosine kinase inhibitors (TKIs) such as erlotinib. (3) The most frequently observed mutations in NSCLCs are deletions in exon 19 of the EGFR gene or the replacement of leucine with arginine at codon 858 (L858R), which together account for~90% of mutations; various other mutations such as the exon 20 insertions G719X and L861Q have also been reported. (4) Lung adenocarcinomas that have these 'driver' EGFR mutations are considered to be 'oncogene-addicted' to the EGFR pathway; hence, they are initially sensitive to EGFR tyrosine kinase inhibition. (5, 6) Despite the benefits of TKIs in the treatment of NSCLCs, many cases, if not all, ultimately develop resistance to these agents. (4) In~50% of TKI-resistant NSCLCs, acquired resistance is associated with a secondary mutation, T790M, in EGFR. (7, 8) As other features of EGFR-TKI resistance in NSCLC, mutant KRAS and PTEN loss are important factors. In a study of NSCLC patients, KRAS mutations were identified in more than 25% of NSCLCs, and tumors with oncogenic KRAS responded poorly to cytotoxic agents and molecular-targeted agents such as EGFR-TKIs. (9, 10) Approximately 2-10% of NSCLC patients are considered to have PTEN loss, (11) which contributes to erlotinib resistance by activation of Akt and EGFR. (12) Currently, there is no standard cancer therapy for NSCLCs with acquired resistance to EGFR-TKIs. (13) Therefore, the identification of strategies or agents that are capable of overcoming acquired resistance to EGFR-TKIs in NSCLC is an important clinical goal.
Erlotinib hydrochloride is a selective and competitive inhibitor of ATP binding to the EGFR tyrosine kinase domain that functions as an antiproliferative agent and is an inducer of apoptosis and reversible cell cycle arrest. (14) (15) (16) In vivo preclinical studies have shown that erlotinib markedly reduces levels of phosphorylated mitogen-activated protein kinase (MAPK), which acts downstream of EGFR, and inhibits the growth of tumor cells in a human NSCLC xenograft model. (17) Erlotinib received US Food and Drug Administration approval in 2004 for use in the treatment of advanced NSCLC in patients. (18) However, its efficacy for prolonging the survival of patients is limited.
E7820, an orally active aromatic sulfonamide derivative, is an angiogenesis inhibitor that modulates a-1, a-2, a-3, and a-5 integrin mRNA expression (19) and is currently undergoing phase II clinical trials. (20) In preclinical studies, E7820 significantly inhibited basic fibroblast growth factor (bFGF)-induced angiogenesis in several mice models, as well as the growth of seven s.c. implanted tumors. (21) This inhibition appears to be mediated through suppression of endothelial integrin a-2, a-3, a-5, and b-1 mRNA expression.
Several preclinical studies on EGFR inhibitors in combination with anti-angiogenesis agents have been carried out. (22, 23) Also, several clinical studies evaluating the combination of erlotinib and bevacizumab, an anti-vascular endothelial growth factor (VEGF) antibody, are ongoing in some cancer types including NSCLC. (22, 24, 25) Encouraging data from these preclinical and clinical studies have led to the initiation of preclinical studies of the combination of E7820 and erlotinib in NSCLC models to investigate whether combination therapy of an angiogenesis inhibitor with erlotinib is able to overcome EGFR-TKI resistance.
In the present study, we showed that E7820 given in combination with erlotinib shows a synergistic antitumor activity against EGFR-TKI-resistant tumors, A549 (KRAS; G12S), H1975 (EGFR; L858R ⁄ T790M), and H1650 (PTEN; loss, EGFR; exon 19 deletion) cell lines, by enhancing anti-angiogenesis activity through enhanced apoptosis of tumor-associated endothelial cells.
Materials and Methods
Cell lines and culture conditions. Non-small-cell lung cancer cell lines A549, H1975, and H1650 were obtained from ATCC (Manassas, VA, USA) and cultured in RPMI-1640 medium supplemented with 10% FBS, penicillin (100 U ⁄ mL), and streptomycin (100 lg ⁄ mL). Human umbilical vein endothelial cells were isolated and cultured from human umbilical vein by using a method described previously. (19) Reagents. Pan-caspase inhibitor zVAD-fmk, caspase-9 inhibitor Ac-LEHD-CHO, caspase-3 inhibitor Ac-DEVD-CHO, and caspase-8 inhibitor Ac-IETD-CHO (all from Peptide Institute Inc., Osaka, Japan) were used to inhibit caspase activities.
Drugs. E7820 was synthesized at Eisai Co., Ltd. (TsukubaShi, Japan). E7820 stock solution was prepared as follows: E7820 (25 mg ⁄ mL) was dissolved in DMSO (35% [v ⁄ v]), followed by addition of Tween 80 (65% [v ⁄ v] ). E7820 stock solution was diluted with 5% glucose prior to use. Erlotinib was purchased from OSI Pharmaceuticals (Melville, NY, USA). Erlotinib was suspended in DMSO and diluted 10-fold with saline containing 0.1% pluronic P105 prior to use.
Xenograft models. All animal studies were approved by Eisai Institutional Animal Care and Use Committee. A549, H1975, and H1650 cells were s.c. inoculated into 9-week-old female nude mice (KSN-slc mice; Japan SLC, Inc., Shizuoka, Japan). Approximately 10 days after inoculation, E7820 (25 and 50 mg ⁄ kg) was given orally twice daily and erlotinib (60 mg ⁄ kg) was given orally once a day for 3 weeks. Tumor volume (TV) and relative TV (RTV) were calculated by using a formula described previously. (16) The combination effect on RTV was analyzed by using two-way ANOVA.
Trypan blue exclusion assay. The HUVECs and A549, H1975, and H1650 cells were placed into 6-well plates (1 9 10 5 cells ⁄ well) and incubated for 48 or 96 h at 37°C. The cell viability was then assayed by Trypan blue staining.
Immunohistochemical staining of CD31. Frozen samples of xenografted-tumor were used for identification of CD31. Frozen cross-sections were fixed in cold acetone and washed with PBS.
Endogenous peroxidase was blocked with 0.3% H 2 O 2 in methanol. After PBS rinses, the sections were incubated overnight at 4°C with the primary antibody (BD Pharmingen, San Diego, CA, USA), and then incubated for 30 min at room temperature with a secondary antibody kit (Vectastain ABC-AP Rat-IgG Kit; Vector Laboratories, Burlingame, CA, USA). A brown color was developed by incubation in diaminobenzidine solution for 1 min at room temperature. In sections stained for CD31, vessel density was quantified in five random fields.
Immunohistochemical staining of proliferating cell nuclear antigen. Paraffin-embedded samples of xenografted-tumor were used for proliferating cell nuclear antigen (PCNA) staining. Sections were deparaffinized, rehydrated in PBS, incubated overnight at 4°C with the primary antibody (Dako, Copenhagen, Denmark), and then incubated for 1 h at room temperature with a secondary antibody (EnVision system; Dako). A brown color was developed with incubation in diaminobenzidine solution for 1 min at room temperature. To quantify PCNA expression, the number of positively stained cells was counted in five random fields.
Double immunofluorescence staining for CD31 ⁄ TUNEL. Crosssections of frozen xenografted tumors were mounted on slides and fixed in cold 1% paraformaldehyde in PBS, stained with biotin-conjugated anti-mouse CD31 (BD Pharmingen) as the primary antibody, and then stained with Cy3-conjugated secondary antibody (Arcturus Bioscience, Mountain View, CA, USA). Apoptotic cells were quantified by using a commercially available ApoDIRECT DNA Fragmentation Kit (BioVision, Mountain View, CA, USA). Quantification of apoptotic endothelial cells is expressed as the ratio of apoptotic endothelial cells to the total number of endothelial cells in five random fields.
Analysis of apoptosis in vitro and in vivo. To quantify the number of apoptotic cells, 1 9 10 5 cells were stained with annexin V-FITC and propidium iodide (PI) at room temperature for 15 min by using an annexin V-FITC Apoptosis Detection Kit I (BD Pharmingen) and analyzed by using a FACScan flow cytometer (Becton Dickinson, San Jose, CA, USA) described previously. (26) The extent of apoptosis in xenografted-tumors was assessed by means of TUNEL assay with a TdT-Fragel DNA-Fragmentation Kit (Chemicon, Temecula, CA, USA), and then TUN-EL-stained cells were quantified in five randomly selected microscope fields. The apoptotic index was calculated as the number of positive cells ⁄ 0.318-mm 2 field. Five tumors were analyzed per treatment group.
Caspase activity. Caspase-3-like activity was measured according to the manufacturer's instructions (caspase-3-like activity) (Chemicon) by using the FL2 channel of a FACScan flow cytometer.
Determination of cytochrome c release. To assess the release of cytochrome c from mitochondria into the cytoplasm, HUVECs were washed once with PBS, lysed in ice-cold Sodium chloride Tris-EDTA (STE) buffer described previously, (26) and immediately centrifuged at 15 000 g for 15 min. The supernatant was then used for Western blot analysis.
Analysis of mitochondrial membrane potential loss. Changes in mitochondrial membrane potential (MMP) following induction of apoptosis were assessed using a Mito Capture apoptosis detection kit (BioVision) according to the manufacturer's instructions. The status of the MMP was analyzed by using the FL1 channel of a FACScan flow cytometer.
Statistical analysis. All data are expressed as the mean AE SD. Tukey's multiple comparison test was used to evaluate statistical significance between control and treatment groups with relation to CD31-positive microvessel density (MVD), PCNA-positive cells, annexin V-positive apoptosis cells, and TUNEL positivity. All P-values represent two-sided tests of statistical significance. The combination effect was evaluated using two-way ANOVA.
Results
Synergistic antitumor effect of E7820 and erlotinib in EGFR-TKIresistant human NSCLC xenograft models in nude mice. We investigated the in vivo antitumor activities of E7820, erlotinib, and E7820 in combination with erlotinib in nude mice bearing erlotinib-resistant NSCLC A549, H1975, or H1650 cells. Approximately 10 days after tumor transplantation, E7820 (25 or 50 mg ⁄ kg) and ⁄ or erlotinib (60 mg ⁄ kg) were given to the mice. The combination of E7820 at either dose with erlotinib showed a superior antitumor effect compared with E7820 or erlotinib alone in three xenograft models (Fig. 1a , Table 1 ; P < 0.05). The combination of E7820 at a dose of 50 mg ⁄ kg with erlotinib at a dose of 60 mg ⁄ kg was found to have a significantly synergistic antitumor effect in three xenograft models without severe body weight loss (P < 0.05; Fig. 1b , Table 1 ). These data show that the combination of E7820 with erlotinib is effective against NSCLC xenograft models resistant to EGFR-TKIs.
Combination treatment with E7820 and erlotinib decreased MVD and enhanced apoptosis in tumor-associated endothelial cells in human NSCLC xenograft models. Because E7820 shows anti-angiogenic activity in xenografted human tumors in mice, (19, 21) we examined MVD in human NSCLC A549, H1975, and H1650 xenograft models after treatment. Nude mice bearing A549, H1975, or H1650 xenografts were treated with E7820 (50 mg ⁄ kg), and ⁄ or erlotinib (60 mg ⁄ kg) for 7 days. Microvessel density in the tumor xenografts was determined by immunohistochemical staining against CD31. Treatment with E7820 or erlotinib alone did not decrease MVD in the A549 xenograft model (Fig. 2a,b) . However, E7820 in combination with erlotinib did significantly decrease the number of CD31-positive cells in the A549 xenografted tumor (P < 0.05; Fig. 2a,b) . We obtained similar results in the H1975 and H1650 xenograft model (P < 0.05; Fig. 2a,b) .
Next, we determined whether this combination therapy was associated with apoptosis of endothelial cells by using a CD31 ⁄ TUNEL fluorescent double-labeling technique. Tumor tissues from mice receiving vehicle treatment showed no apoptosis in the tumor-associated endothelial cells in either xenograft model. Treatment of mice with E7820 in combination with erlotinib significantly increased apoptosis in tumor-associated endothelial cells compared to single agent alone in both the A549 and H1975 xenograft models (P < 0.05; Fig. 2c,d ). These results suggested that the superior antitumor activity of E7820 in combination with erlotinib is caused by a decrease in MVD through the enhancement of apoptosis in tumor-associated endothelial cells.
Combination treatment with E7820 and erlotinib inhibited tumor cell proliferation and enhanced apoptosis in human NSCLC xenograft models. We next examined whether E7820 in combination with erlotinib resulted in the inhibition of tumor cell proliferation and enhancement of tumor cell apoptosis in tumor tissues. Nude mice bearing A549, H1975, or H1650 tumors were treated with E7820 (50 mg ⁄ kg) and ⁄ or erlotinib (60 mg ⁄ kg), for 7 days. Staining with PCNA was carried out to assess cell proliferation and TUNEL staining was used to assess apoptosis in the tumor cells. E7820 in combination with erlotinib significantly decreased the number of PCNA-positive cells compared with E7820 or erlotinib alone in three xenograft models (P < 0.05; Fig. 3a,b) . Furthermore, combination treatments of these drugs significantly increased TUNEL-positive tumor cells compared with either E7820 or erlotinib alone in three xenograft models after 7 days of treatment (Fig. 3c,d ). Values are means AE SD. Drug efficacy was assessed at day 22 (A549 and H1975) and day 19 (H1650). *P < 0.05 compared with vehicle group; **P < 0.05 compared with erlotinib and E7820 group. DT ⁄ C (% of control for D growth) were calculated from the formula; (DT/DC)9100. DT and DC are changes in tumor volume (D growth) for each treated and vehicle control group. The details are described previously. These results indicated that the superior antitumor activity of E7820 in combination with erlotinib was caused by decreased tumor cell proliferation and increased tumor cell apoptosis based on enhanced anti-angiogenesis activity.
Combination treatment with E7820 and erlotinib enhanced inhibition of cell proliferation and apoptosis through activation of both intrinsic and extrinsic apoptosis pathways in cultured HUVECs. To confirm the efficacy of E7820 in combination with erlotinib in terms of decreased MVD and enhanced apoptosis of tumor-derived endothelial cells in the NSCLC A549, H1975, and H1650 xenograft models, we next examined the growth-inhibiting and apoptosis-inducing effects of E7820 in combination with erlotinib on cultured HUVECs and also tumor cells (A549, H1975, and H1650). The HUVECs and A549, H1975, and H1650 cells were treated with E7820 and ⁄ or erlotinib at the indicated doses for 48 or 96 h. E7820 in combination with erlotinib significantly inhibited HUVEC growth (P < 0.05; Fig. 4 ). Annexin V-PI two-color flow cytometry revealed significantly enhanced apoptosis in HUVECs treated with E7820 in combination with erlotinib compared with either single agent alone or control cells (P < 0.05; Fig. 5a,b) . The enhancement of apoptosis in HUVECs after combination treatment was confirmed by significantly increased MMP loss (P < 0.05) and cytochrome c release, which are markers of apoptosis (Fig. 5c,d) . Furthermore, the results of annexin V-PI two-color flow cytometry showed that the pan-caspase inhibitor zVAD-fmk significantly inhibited apoptosis in HUVECs that is induced by combination treatment with E7820 and erlotinib (P < 0.05; Fig. 5e ). Caspase-3 activity was also significantly increased in HUVECs treated with E7820 in combination with erlotinib compared to single agent or control (P < 0.05), indicating that E7820 in combination with erlotinib induced apoptosis in a caspase-dependent manner (Fig. 5f) . Blockade of pro-apoptosis signals by the capase-3 inhibitor Ac-DEVD-CHO at a point where the intrinsic and extrinsic apoptosis pathways meet, by the caspase-9 inhibitor Ac-LEHD-CHO at a point downstream of the mitochondria in the intrinsic pathway, or by the caspase-8 inhibitor Ac-IETD-CHO at a point in the extrinsic pathway, resulted in inhibition of the apoptosis induced by combination treatment (Fig. 5e) . In terms of tumor cells, E7820 in combination with erlotinib significantly inhibited H1650 cell growth (P < 0.05; Fig. 4 ) and enhanced H1650 cell apoptosis (Figs. 5a,S1 ). We observed neither inhibition of cell proliferation nor induction of apoptosis in both cell lines (A549 and H1975) after combination treatment (Figs. 4,5a , 
S1
). These data showed that E7820 in combination with erlotinib inhibited cell proliferation and enhanced apoptosis through activation of both the intrinsic and extrinsic apoptosis pathways in cultured HUVECs.
Discussion
In the present study, the combination of E7820 with erlotinib showed superior antitumor activity compared to treatment with each single agent in mouse xenograft models of human NSCLC, A549 (KRAS; G12S), H1975 (EGFR; L858R ⁄ T790M), and H1650 (PTEN; loss, EGFR; exon 19 deletion) cell lines, which are resistant to erlotinib. Combination treatment with these agents showed a synergistic antitumor effect accompanied by a decrease in MVD and an increase in apoptosis in tumor-associated endothelial cells in vivo. Furthermore, immunohistochemical analyses showed a reduction of PCNA-positive cells and increased TUNEL-positive tumor cells after treatment with E7820 in combination with erlotinib. Many studies of combination therapy using bevacizumab, which is an anti-VEGF antibody, with not only cytotoxic agents such as cisplatin or vinflunine, (27) but also moleculartargeted agents such as erlotinib, have shown enhanced antitumor effects compared with each single agent. (22, 28) Thus, the strategy of combining bevacizumab with chemotherapeutic drugs shows promise for finding more effective anticancer therapies. However, there remains an unmet medical need for those patients with NSCLC who are ineligible to receive bevacizumab because of squamous histology or brain metastases, or because they are receiving anticoagulant therapy. (29) Developments of next-generation angiogenesis inhibitors, which do not target the VEGF signal, are expected to improve the efficacy of anti-angiogenesis therapies. Currently, integrintargeted agents are being investigated in both preclinical and clinical studies as potential next-generation angiogenesis inhibitors. (30) Indeed, in preclinical models, blocking integrin-mediated signaling suppresses angiogenesis and tumor growth. (31) Two integrin-targeted agents, cilengitide, a synthetic peptide that inhibits the binding of integrins avb3 and avb5 to the extra cellular matrix (ECM), and volociximab, a chimeric mAb that blocks fibronectin binding to a5b1, are currently undergoing phase II clinical trials in patients with NSCLC. (32, 33) The targeting of integrin a2 with E7820 may produce a different antitumor spectrum compared with bevacizumab.
In clinical practice, most NSCLCs develop EGFR-TKI resistance through a second-site mutation in EGFR (T790M). (8) This mutation is assumed to inhibit the ability of gefitinib or erlotinib to form a critical hydrogen bond within the ATPbinding pocket of the catalytic region of EGFR. (7) To overcome EGFR-TKI resistance in NSCLC, several preclinical and clinical studies are being carried out with the aim of developing dual inhibitors against EGFR and other receptor tyrosine kinases: MP-412, HKI-272, and BIBW-2992 are novel dual TKIs for EGFR and ErbB2; XL-647 is a novel dual TKI for EGFR and VEGFR; and BMS-690514 is a novel pan-EGFR ⁄ VEGFR inhibitor. (34) (35) (36) (37) (38) KRAS mutation and PTEN loss are other mechanisms of resistance to EGFR inhibitors that develops in NSCLC. (8, 12) Ganetespib, which is a heat shock protein (HSP)-90 inhibitor, is effective against the KRAS gain-of-function mutation that predominantly arises as single amino acid substitutions at residues G12, G13, and ⁄ or Q61. (9) Some kinase inhibitors are currently undergoing clinical trials by targeting the PI3K ⁄ AKT ⁄ mTOR pathway, which may effective to PTEN-loss tumors. (39) These approaches may acquire other types of resistance, because they mainly target the tumor cell itself.
E7820 in combination with erlotinib enhanced anti-angiogenesis activity through increased apoptosis in endothelial cells from erlotinib-resistant tumors, and this combination approach may be useful to overcome EGFR-TKI-resistant tumors, regardless of EGFR, KRAS mutation, or PTEN status. Our results suggest that E7820 causes apoptosis triggered by Fig. 4 . E7820 in combination with erlotinib (ERL) enhanced inhibition of cell proliferation in HUVECs and H1650 but not A549 and H1975 nonsmall-cell lung cancer cell lines in vitro. HUVECs, A549, H1975, and H1650 cells were treated with E7820 and ⁄ or erlotinib for 48 or 96 h then analyzed for cell proliferation. Experiments were carried out three times independently. *P < 0.05 reactive oxygen species generation, which consequently induces MMP loss in HUVECs (KI and YF, unpublished data). Epidermal growth factor stimulation protects HUVECs against chemically induced pro-apoptotic stimuli by signals transmitted through PI-3K and ERKs. (40) This evidence suggests that the different mechanism of action of erlotinib compared to that of E7820 might result in greater induction of apoptosis in endothelial cells. Integrin a2b1 plays a key role in angiogenesis development (41) and cross-talk between EGF and integrin a2b1 through MAPK activation has been reported in many types of cancers. (42, 43) E7820 in combination with erlotinib reduced p-Akt levels in HUVECs and H1975 and H1650 cells (Fig.  S2 ). This has led to the hypothesis that treatment with E7820 in combination with EGFR-TKIs may be a promising strategy for treating NSCLC that merits further investigation in a clinical setting.
Erlotinib has been shown to cause more tolerable adverse effects than conventional chemotherapy. (44) Rash and diarrhea are two well-known side-effects of erlotinib treatment. (10) The adverse effects of E7820 at the clinical recommended dose (100 mg ⁄ day) are nausea, fatigue, diarrhea, and anemia, which are all grade 1 or 2. (17) In the present study, we showed a synergistic antitumor activity with 60 mg ⁄ kg (3 ⁄ 5 the maximum tolerated dose [MTD]) of erlotinib combined with 25 mg ⁄ kg (1 ⁄ 8 MTD) or 50 mg ⁄ kg (1 ⁄ 4 MTD) of E7820 in NSCLC xenograft models without severe body weight loss. These results show that combination therapy with these two drugs may not enhance the adverse effects seen with the single agents.
In conclusion, we showed that treatment with E7820 in combination with erlotinib showed synergistic antitumor activity through enhancement of apoptosis in tumor-associated endothelial cells, decreased MVD, and inhibition of tumor growth, along with induction of tumor cell apoptosis in three EGFR-TKI-resistant NSCLC tumor cell lines, A549, H1975, and H1650. These cumulative results suggest that E7820 combined with erlotinib merits further investigation in a clinical setting as an alternative strategy to overcome EGFR-TKI-resistant NSCLC based on angiogenesis inhibition.
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